A practical and effective method for the extraction of mitochondrial DNA from Candida species was developed. Zymolyase was used to induce yeast protoplasts, and mitochondrial DNA was extracted from DNase I-treated mitochondrial preparations. Restriction endonuclease analyses of mitochondrial DNAs from 19 isolates representing seven species of Candida (C. albicans, C . kefyr, C . lusitaniae, C . maltosa, C . parapsilosis, C . shehatae, and C . tropicalis) and Lodderomyces elongisporus revealed different cleavage patterns that appeared to be specific for the species. Few common restriction fragments were evident. The genome sizes of the mitochondrial DNAs ranged from 26.4 to 51.4 kilobase pairs, and the guanine-plus-cytosine contents ranged from 20.7 to 36.8 mol%. There was no correlation between the base compositions of nuclear and mitochondrial DNAs. Eight isolates of C . parapsilosis, including the type culture, and an ascosporogenous strain of L. elongisporus, which was once proposed as the teleomorph of C. parapsilosis, had similar mitochondrial DNA molecular sizes (30.2 and 28.8 kilobase pairs); however, restriction endonuclease patterns of these organisms were distinct. These data provide additional support for discrimination of these two species. The results of our experiments demonstrate that mitochondrial DNA analyses may provide useful criteria for the differentiation of yeast species.
The anamorphic genus Candida represents a heterogeneous group of yeasts and contains almost 200 species (25). This heterogeneity is exemplified by the presence of both ascomycetous and basidomycetous anamorphs, the broad range in guanine-plus-cytosine (G+C) contents (30 to 64 mol%), and the classification of the teleomorphic states in 14 different genera (15, 25) . Some candidas are so-called opportunistic in that they are generally noninfectious but can become pathogenic in a compromised host. Ahearn and Schlitzer (1) listed 10 Candida species among 24 species of yeasts that are considered to be adventitious pathogens and human and animal associated. Within the last few years additional species of yeasts, primarily Candida species, have been implicated in infections, particularly in patients with AIDS (20). It is important to know the identities of these organisms and the similarities and differences that they have with other yeasts. Besides the traditional methods (morphological and physiological characterizations), studies to determine DNA base compositions, levels of DNA relatedness, protein electrophoretic profiles, coenzyme Q profiles, and cell wall ultrastructure and composition have been used to provide better means of identifying yeasts and understanding their systematics (16, 18, 34) .
Mitochondria1 DNAs (mtDNAs) of various organisms have been studied to assess evolutionary relationships (29, 37, 40). The small size of mtDNA makes it suitable for restriction enzyme analysis, and it has been shown that the inter-and intraspecies differences in mtDNA restriction patterns are due to differences in nucleotide sequences (6). In addition, the conformations, molecular masses, buoyant densities, and denaturation temperatures of mitochondrial genomes may be useful characteristics for strain and species comparisons. Some of these parameters have been examined in some ascomycetous yeasts and anamorphic species, in- to 54 x lo6 daltons (7, 36). All of these species except W . rnrakii have circular mtDNA molecules; W . mrakii has linear molecules. In previous studies eight Candida species were found to have molecular sizes ranging from 19 kbp (for Candida glabrata) (32) to 52 kbp (for Candida rnaltosa) (17). Yeast strain SR23, tentatively identified as Candida rhagii, has linear mtDNA (14), and C. tropicalis 79 has been reported to have linear, open circular, and closed circular mtDNAs (43). All other species examined thus far have circular molecules. The mtDNAs of the generic teleomorphanamorph counterparts Dekkera and Brettanornyces exhibit a broad range of sizes (28.5 to 101.1 kbp) (ll), whereas the mtDNAs of the teleomorph-anamorph counterparts Hanseniaspora vineae and Kloeckera africana have similar sizes (26.7 and 27.1 kbp) (7,s). Bak et al. (3) determined the G+C contents of mtDNAs from five Candida species and Saccharomyces cerevisiae by buoyant density and thermal denaturation (T,J methods; the G+C values determined by the T, method for the Candida species ranged from 13.9 mol% for Candida kefyr (Candida pseudotropicalis) to 26.1 mol% for Candida zeylanoides, and the G+C content of Saccharornyces cerevisiae was 12.7 mol%.
Comparisons of mtDNAs should be useful in the systematics of the heterogeneous, asexual genus Candida. In this paper, we describe a practical and effective method for extracting mtDNAs from Candida species and the use of restriction endonuclease digestion of mtDNAs for comparisons of different Candida species. Estimates of the genome sizes of mtDNAs and the G+C contents of mtDNAs and nuclear DNAs (nuDNAs) are reported.
MATERIALS AND METHODS
Yeast strains. The strains examined in this study are listed in Table 1 . Nine of the clinical isolates used in this study (strains 331, 945, 970, SR-1114, B-4212, 3138, 3165, 8757, and 9610) were originally received as unidentified yeasts. Strain NARD 1353 was received from the Centraalbureau voor Schimmelcultures with the tentative identification of Candida parapsilosis. Cultures were grown at room temperature and were maintained on YM agar (Difco Laboratories, Detroit, Mich.) slants at 4°C. All strains were characterized and subsequently identified by using morphological and physiological properties, G+C contents, and DNA-DNA reassociation data.
Morphological and physiological characterizations. All tests were performed by using the methods described by van and incubated at room temperature on a gyratory shaker (150 rpm). After 20 to 24 h, the cells were transferred into 200 ml of GPYG medium and incubated under the same conditions. Before the cells were harvested, 40 pl of diethyl pyrocarbonate (Aldrich Chemical Co., Inc., Milwaukee, Wis.) was added to the medium to give a final concentration of 0.02% (vol/vol), and the preparation was returned to the shaker for 1 h. Cells were harvested by centrifugation in the exponential phase and washed once with distilled water and once with saline-EDTA (0.15 M NaCl plus 0.1 M disodium EDTA, pH 8.0). Each sample (1.5 to 2.5 g) was resuspended in 4 ml of sorbitol-phosphate buffer (1.2 M sorbitol-50 mM phosphate buffer [pH 7.51 containing 20 mM disodium EDTA) containing 2% (volfvol) 2-mercaptoethanol (Aldrich) and 1 mg of Zymolyase-20T (ICN ImmunoBiologicals, Lisle, 111.) per ml. The cell suspension was incubated at 35°C on a gyratory shaker (250 rpm) for 2 to 4 h until protoplasts were formed. The protoplasts were pelleted by centrifugation for 10 min at 1,000 x g .
Isolation of mitochondria. All of the steps described below were done at 4°C. The pellets were suspended in 4 ml of breakage buffer (0.7 M sorbitol, 50 mM Tris hydrochloride [pH 7.51, 10 mM disodium EDTA) plus 50 pl of 10% (wt/vol) bovine serum albumin. An equal volume of glass beads (diameter, 0.45 to 0.5 mm; B. Braun Melsungen) was added, and the suspension was vortexed at maximum speed for 5 to 10 s and then cooled in an ice bath. This procedure was repeated several times until the protoplasts were broken (verified by microscopic examination), after which the suspension was centrifuged at 1,000 x g for 10 min. The supernatant was removed and centrifuged at 35,000 X g for 10 min. The pellets were washed with breakage buffer, and differential centrifugation was repeated to collect the mitochondria. The mitochondria1 pellets were resuspended in 0.5 ml of DNase I treatment buffer (0.9 M sorbitol, 10 mM Tris hydrochloride [pH 7.51, 10 mM MgCl,) containing DNase I (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) at a final concentration of 200 pg/ml, and the preparation was incubated at 4°C for 30 min; then 3 pl of diethyl pyrocarbonate was added (final concentration, 0.6%, vol/vol), and incubation was continued for another 15 min. The mitochondria were centrifuged at 35,000 x g for 10 min and then rinsed with 0.9 M .sorbitol-10 mM Tris hydrochloride (pH 7.5)-2 mM disodium EDTA, and centrifugation was repeated.
Extraction and purification of mtDNA. The mitochondria were incubated at 37°C for 30 rnin in the presence of 0.5 ml of sacrosyl buffer (10 mM Tris hydrochloride [pH 8.01, 10 mM disodium EDTA, 100 mM NaC1, 2% [wt/vol] N-lauroylsarcosine [sodium salt]) containing RNase (Boehringer Mannheim Biochemicals) at a final concentration of 0.5 mg/ml. Proteinase K (EM Biochemicals, Cincinnati, Ohio) was added to a final concentration of 1 mg/ml, and incubation was continued for another 30 min. The suspension was treated sequentially with phenol saturated with 0 . 1~ TE ( l x TE is 10 mM Tris hydrochloride plus 1 mM disodium EDTA, pH 7.8), with a solution containing equal parts of phenol and chloroform-isoamyl alcohol (24: l), and with chloroformisoamyl alcohol (24: l), with centrifugation after each treatment. After addition of 0.3 M sodium acetate and 2 volumes of cold ethanol, the suspension was chilled in a freezer to precipitate the DNA. After 30 rnin the DNA was collected by centrifugation at 12,000 x g , washed with 70% (vol/vol) cold ethanol, and dried under a vacuum. The DNA was dissolved in 1 x TE for restriction enzyme digestion or in 1 X SSC (0.15 M NaCl plus 0.015 M sodium citrate, pH 7.0) to determine the melting temperature and then stored at 4 or -10°C. The final yield of mtDNA was about 10 pg from 1.5 to 2.5 g of wet yeast cells. Only 0.5 to 1 pg was required as a substrate for one restriction endonuclease digestion, and 5 pg was needed for one T,,, determination.
Endonuclease digestion analysis and determination of the molecular weight of mtDNA. Agarose (Sigma) (0.7 to 1%, wt/vol) was dissolved in IX TAE electrophoresis buffer (40 mM Tris acetate, 2 mM EDTA, pH 8.0), and DNA subgels (Bio-Rad Laboratories, Richmond, Calif.) were poured. Restriction endonucleases (BamHI, EcoRI, HaeIII, HindIII, PstI, and PvuII ; Boehringer Mannheim Biochemicals) were used according to the reaction conditions recommended by the manufacturer. DNA samples (0.5 to 1 kg) were mixed with 1/6 volume of 6 x loading-dye solution (0.25% [wt/vol] bromophenol blue, 0.25% [wt/vol] xylene cyanol, and 30% [vol/vol] glycerol in water). Electrophoresis was performed at a constant voltage (30 V). The gels were stained in a solution containing 0.5 pg of ethidium bromide per ml, and photographs were made with Polaroid type 665 film. Fragment mobilities were measured, and molecular weights were calculated. HindIII digests of bacteriophage lambda DNA were used as molecular weight standards. The molecular weights of the mtDNAs of the strains were estimated as the averages of the sums of the restriction fragment sizes.
Extraction and purification of nuDNA. The procedure used to isolate and purify nuDNA was based on the method of Marmur (22) , as modified by Meyer and Phaff (27) .
Determination of DNA base composition and nuDNA reassociation. The DNA base composition, expressed as G+C content, was calculated from the T,,, (midpoint of the thermal transition) by using the method of Marmur and Doty (23) and a Gilford model 2400-S recording spectrophotometer equipped with a model 2527 thermoprogrammer or a Gilford Response I1 spectrophotometer (Ciba Corning Diagnostics Corp., Gilford Systems, Oberlin, Ohio). C. parapsilosis ATCC 22019T (T = type strain) nuDNA (Tm, 85.9"C) or Candida lusitaniae ATCC 42720 nuDNA (Tm, 873°C) was used as the standard. The G+C contents of nuDNAs and mtDNAs were calculated from the T , values by using the following formula (23) : G+C content = (T,n -69.3)/0.41.
DNA reassociation values were determined by the optical renaturation method of Seidler and Mandel (38) , as modified by Kurtzman et al. (19) .
RESULTS
Morphological and physiological characterizations. The presumptive identities of the nine unknown clinical isolates and strain NARD 1353 based on morphological and physiological criteria are shown in Table 1 . The results were in good agreement with the previously published descriptions of the appropriate species (25, 41) . Candida ulbicans SR-1114 did not assimilate sucrose and in this way was different from type strain ATCC 18804; thus, this strain was considered a sucrose-negative C . albicans strain. Two strains of C . tropicalis differed in that one (strain 8757) grew without vitamins and the other (strain 9610) did not. The major physiological difference between C . parapsilosis and Lodderomyces elongisporus was that C . parapsilosis assimilated L-arabinose, whereas L. elongisporus did not.
Endonuclease digestion and molecular sizes of mtDNAs. Every species had a distinct restriction pattern for each of the six restriction endonucleases. Strains of the same species produced similar restriction patterns, except for the two strains of C . maltosa, which had slight differences at some band positions (data not shown). Restriction digestion pat- terns of the different species are shown in Fig. 1 through 4 . Few common fragment lengths were evident (Table 2) . C. maltosa and L . elongisporus did not have any restriction fragment lengths in common with one another or with the other species. Only C. albicans and C . lusitaniae shared a 3.7-kbp fragment after PvuII digestion and a 5.3-kbp fragment after HaeIII digestion. HindIII-HaeIII double digestion of C. parapsilosis revealed the same fragment length as C. lusitaniae (4.0 kbp), whereas after HindIII-PvuII double digestion C . parapsilosis had one fragment in common with C. albicans (2.5 kbp) and two fragments (2.1 and 3.2 kbp) in common with C . tropicalis. C . kehr shared a 7.9-kbp fragment with C. tropicalis and a 6.6-kbp fragment with C. lusitaniae and Candida shehatae. EcoRI digestion and EcoRI-PstI double digestion of C. albicans and C. parapsilosis revealed that neither species had a recognition site for PstI (Fig. 3 through 5 ) . The results of single restriction endonuclease digestions of mtDNAs from eight strains of C. parapsilosis (strains 331, 945, 970, 3138, 3165, ATCC 22019T, ATCC 14054, and CDC 448) demonstrated that these organisms had identical patterns (Fig. 5) ; two fragments were observed after BamHI digestion, two were observed after EcoRI digestion, and six fragments were observed after HindIII digestion. Also, double digestions and triple digestions (Fig. 6) showed that the banding patterns of the C. parclpsilosis strains were similar. C. parapsilosis and L. elongisporus had different restriction fragment patterns when they were digested with the same restriction enzyme(s) (Fig. 4) , and no common fragments were shared.
The average molecular sizes of mtDNAs ranged from as small as 26.4 kbp (in C. lusitaniae) to as large as 51.4 kbp (in C. maltosa) ( Table 3 ). The differences between any two species ranged from 0.5 to 25 kbp.
DNA base composition (G+C content) and nuDNA reassociation. The G + C contents of mtDNAs and nuDNAs are shown in Table 4 . All of the strains had mtDNA and nuDNA G+C contents that were consistent with the G+C contents of the designated species. The G + C contents of mtDNAs and nuDNAs ranged from 20.7 to 36.8 and 35.6 to 45.1 mol%, respectively. The value for mtDNA was lower than the value for nuDNA for each species. The differences in G+C contents between mtDNAs and nuDNAs in the species examined ranged from 1.7 to 17.8 mol%. losis in different paired combinations were more than 90%, and L . elongisporus NARD 1353 and the type strain of C. parapsilosis (strain ATCC 22019) showed 29% relatedness. Previous studies in our laboratory revealed 100% nuDNA reassociation between strain NARD 1353 and the type strain of L . elongisporus (strain ATCC 11503) (data not shown).
DISCUSSION
Initially, attempts were made to isolate whole-cell DNA and to purify mtDNA by cesium chloride buoyant density ultracentrifugation. However, this method was not practical because not all yeasts have significantly different buoyant densities between their nuDNA and mtDNA. mtDNA isolated by this method was always contaminated with some nuDNA. Since the mitochondria are impermeable to DNase I (13), nuDNA on the outer surface of the mitochondria could be degraded without damaging the mtDNA. The method which we used for the preparation of mtDNA was successful and efficient. The degree of efficiency varied for individual species. Strains within a species responded similarly. The quality of the DNA was good, and the yield was sufficient. DNAs isolated from the same strain at different times gave reproducible results (e.g., restriction patterns and T, values).
The eight species studied (Table 1) had completely different restriction patterns. In all of the digestions considered, there were few bands in common, and a maximum of three species shared any one fragment length. The average molecular size of mtDNA ranged from 26.4 to 51.4 kbp. Our values are in agreement with the values reported by other workers, except for C. lusitaniae (Table 3 ) . Our value for C. lusitaniae ATCC 42720 was 5.9 kbp greater than the value reported for strain CBS 1944 by Camougrand et al. (5). Previous DNA reassociation studies confirmed the identity of these two strains as C. lusitaniae (12, 28) . The discrepancy cannot be explained until more strains of the species are studied, particularly in the same laboratory, so that the influence of different techniques is eliminated. Camougrand et al. (5) also studied four strains of C. rhagii, a strain tentatively assigned to C. rhagii (strain SR23), and a strain of uncertain identity (strain SP1). The latter two strains gave results similar to those obtained with the type strain of C. parupsilosis. The restriction enzyme patterns and molecular sizes of the mtDNAs of these strains were also quite similar to the patterns and sizes which we found for C. parapsilosis.
C. parapsilosis and L . elongisporus share a number of physiological similarities, but they differ in their ability to utilize L-arabinose. L . elongisporus is an ascosporogenous yeast and has one to two elongated ascospores per ascus. No sexual state has been observed in C. parapsilosis. van der Walt (41) suggested that there is a teleornorphic-anamorphic relationship between these two species based on their similar physiological properties (in particular, their ability to grow on certain hydrocarbons). Meyer and Phaff (28) demonstrated a low degree of DNA reassociation (17%) between the type strains of these two species and thus provided evidence for rejecting the proposed relationship. The level of nuDNA relatedness between C. parapsilosis type strain ATCC 22019 and L . elongisporus NARD 1353 was 29%. This value is higher than the value of 17% reported by Meyer and Phaff (28), but it still demonstrates the lack of significant relatedness between these organisms. Although C. parapsilosis and L . elongisporus mtDNAs were similar in size (30.2 and 28.8 kbp), their mtDNA restriction endonuclease profiles were completely different (Fig. 4) , as were their G+C contents (Table 4) . In another mtDNA study in which teleomorphs and anamorphs were examined, Sor and Fukuhara (39) found identical or very similar mtDNA restriction patterns for Candida macedoniensis and Kluyveromyces rnarxiunus var. marxiunus, and their data supported the anamorphic-teleomorphic relationship of these yeasts. Nakase et al. (30) reported that 20 strains of C. parapsilosis (designated form I), including the type strain, can be discriminated from L . elongisporus by their assimilation of L-arabinose, their requirement for thiamine, their lack of antigen 24, their proton nuclear magnetic resonance spectrum of mannan, and their lack of excretion of an excess amount of riboflavin into synthetic media. Two strains designated C. parapsilosis form I1 were found to have the same characteristics as L. elongisporus, and they were considered to be the imperfect form of L. elongisporus. Yamazaki and Komagata (48) compared relationships between 14 teleomorphs and their anamorphic counterparts on the basis of the electrophoretic patterns of 10 enzymes. These authors studied the same strains that Nakase et al. (30) had designated C. parapsilosis form I1 and found a close relationship between these strains and L. elongisporus. There was no apparent relationship between C. parapsilosis (form I ) and L. elongisporus. DNA hybridization analyses of these strains were performed by Hamajima et al. (10) . These workers found levels of homology of 91.5 and 92.1% between L. elongisporus and the two strains of C. parapsilosis (form 11). It can be concluded from these results of these three studies that the strains designated C. parapsilosis form I1 are not representatives of the species C. parapsilosis but are indeed anascosporogenous strains of L. elongisporus. The mtDNA data in our study showed that there are significant differences between C. parapsilosis and L. elongisporus and confirmed that C. parapsilosis is not the anamorphic state of L. elongisporus.
Lodder and Kreger-van Rij (21) designated strain CBS 604 (= ATCC 22019), which was received in 1929 from B. K. Ashford in Puerto Rico, as the type strain of C. parapsilosis.
No other details were provided. In 1928, Ashford (2) described a study of 18 cases of Monilia parapsilosis infection among 178 healthy inmates of the Boy's Charity School of San Juan, Puerto Rico, and 107 cases of M . parapsilosis infection among 289 cases of clinical sprue. Presumably, the type culture was from one of these isolates. The similarity of the restriction patterns of our eight strains could represent a lack of heterogeneity or polymorphism because of the similar origins of the strains (clinical isolates). However, Camougrand et al. (5) showed that the mtDNAs of strain ATCC 16632 from sewage sludge and strain ATCC 7330 from normal skin had the same restriction pattern as the type strain. occurred at frequencies of 18% and lower. Additional strains of C . parapsilosis and/or other restriction endonucleases need to be investigated to determine whether mtDNA polymorphisms are present.
Of the eight species which we studied, four have been studied previously for mtDNA G+C contents by other investigators (Table 4) . Our values (T,,, determinations) were not consistently higher or lower than the values reported previously. The results of Bak et al. (3) showed that the G+C content determined by the buoyant density method is always higher than the G+C content determined by the T,,, method (Table 4) . For the five Candida species which they studied the G+C content difference between the two methods ranged from 6.4 to 11.0 mol%. Bak et al. concluded that discrepancies in G+C values may be attributed to some unknown compositional or conformational properties of the mtDNA. In the case of the type strain of C . parapsilosis, our value was higher (2.7 mol%) than the value determined by the buoyant density method (5). C. kefrr B-4212 had a significantly higher G+C content (15.4 mol%) than the strain studied by Bak et al. (3) . Our value was closer to the value determined by the buoyant density method (Table 4 ). In addition to what Bak et al. ( 3) stated about the unknown properties of mtDNA, strain variation and methodology must be considered. More strains of individual species need to be studied before definite values can be obtained.
Physiological and morphological characteristics can be very similar in different yeast species. Molecular techniques. such as DNA reassociation, have resolved the relationships of some of the similar yeasts (18, 24, 28, 35) . The yeasts examined in this study exhibit broad physiological similarities. Besides C . parapsilosis and L . elongisporus, the medically important species C . albicans and C . tropicalis are distinguished by insignificant levels of nuDNA relatedness (24) . as are C . maltosa and C . tropicalis (26) and C . albicans, C . lusitaniae, and C . parapsilosis (28) . These species differ substantially in their mtDNA sizes and have distinctive restriction endonuclease patterns.
The results of the mtDNA analyses in this study showed that different species have unique mtDNA restriction patterns, different mtDNA sizes, and consistent mtDNA G+C contents. Although intraspecies differences have been found (9, 33), the restriction patterns within a species still exhibit a high degree of similarity. It is apparent that mtDNA analyses have the potential to differentiate between species and to be useful tools in yeast systematics.
